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Abstract
Background
Internal jugular vein (IJV) narrowing has been implicated in central nervous system patholo-
gies, however normal physiological age- and gender-related IJV variance in healthy individ-
uals (HIs) has not been adequately assessed.
Objectives
We assessed the relationship between IJV cross-sectional area (CSA) and aging.
Materials and Methods
This study involved 193 HIs (63 males and 130 females) who received 2-dimensional mag-
netic resonance venography at 3T. The minimum CSA of the IJVs at cervical levels C2/C3,
C4, C5/C6, and C7/T1 was obtained using a semi-automated contouring-thresholding tech-
nique. Subjects were grouped by decade. Pearson and partial correlation (controlled for car-
diovascular risk factors, including hypertension, heart disease, smoking and body mass
index) and analysis of variance analyses were used, with paired t-tests comparing side
differences.
Results
Mean right IJV CSA ranges were: in males, 41.6 mm2 (C2/C3) to 82.0 mm2 (C7/T1); in
females, 38.0 mm2 (C2/C3) to 62.3 mm2 (C7/T1), while the equivalent left side ranges were:
in males, 28.0 mm2 (C2/C3) to 52.2 mm2 (C7/T1); in females, 27.2 mm2 (C2/C3) to 47.8
mm2 (C7/T1). The CSA of the right IJVs was significantly larger (p<0.001) than the left at all
cervical levels. Controlling for cardiovascular risk factors, the correlation between age and
IJV CSA was more robust in males than in the females for all cervical levels.
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Conclusions
In HIs age, gender, hand side and cervical location all affect IJV CSA. These findings sug-
gest that any definition of IJV stenosis needs to account for these factors.
Introduction
In recent years a number of studies have reportedly linked internal jugular vein (IJV) anomalies
to a range of different central nervous system diseases and aging including multiple sclerosis
(MS), [1, 2] Parkinson's disease, [3] Meniere’s disease, [4, 5] and Alzheimer’s disease. [6–8]
The IJVs play an important role in the cerebral venous drainage system, [9, 10] and constric-
tion of these vessels has the potential to increase the hydraulic resistance of the venous path-
ways back to the heart. [11] However, due to a paucity of available data regarding the structural
and physiological behavior of the IJVs in healthy individuals (HIs), it is unknown whether or
not the reported IJV anomalies/stenoses are pathological in nature or just normal physiological
variants related to gender, location and side. [12] Furthermore, the extent to which the mor-
phology of the IJVs changes with aging has not been fully characterized. Consequently, there is
a clear need to robustly measure and characterize the IJVs of HIs at all ages, so that distinctions
between what is typical and atypical can be made with greater confidence.
Previous studies have assessed IJV cross-sectional area (CSA) using a variety of imaging
techniques, including catheter venography, [13–15] Doppler ultrasound, [1, 2] computed
tomography, [16] and magnetic resonance venography (MRV) [17–19] However, these studies
have primarily investigated the IJVs CSA in the context of pathologies such as MS, rather than
established the structural and physiological behavior of HIs. Furthermore, they have generally
not considered the impact of aging on IJV CSA or controlled for cardiovascular risk factors.
Against this background, we investigated left and right IJV CSA variance at levels C2/C3,
C4, C5/C6 and C7/T1 in 193 HIs of various ages. The aim of the study was to characterize the
morphology of the IJVs at these cervical levels and to evaluate how CSA changes with respect
to age, gender, cervical location and hand side.
Materials and Methods
Subjects and clinical data
This study utilized baseline data from an ongoing prospective study of cardiovascular, environ-
mental and genetic risk factors in MS that enrolled over 1,000 subjects with MS, HIs and other
neurologic diseases. [2, 20] The inclusion criteria for this sub-study were: a) age range 10 to 80
years old, b) being HI c) having an MRV exam performed within 30 days of physical/neuro-
logic examination with the standardized study protocol. Subjects were required to meet the
health screening requirements on physical and neurologic examination. Subjects also needed
to complete a health screening questionnaire containing information about medical history (ill-
nesses, surgeries, medications, etc.). History of known vascular abnormalities, presence of sys-
temic or neurologic (cerebrovascular or neurodegenerative disease, positive history of alcohol
abuse, etc) and pregnancy precluded enrollment in the study. Recruited subjects included hos-
pital personnel, local advertisement respondents, and spouses/relatives of patients receiving
clinical care at our center.
Participants underwent a clinical and MRV examination. All subjects were assessed with a
structured environmental questionnaire, and had a physical and neurological examination.
Cardiovascular risk factors were collected from all participants in-person by a trained inter-
viewer with cross-examination of medical records. [20]
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The study was approved by the University of Buffalo Institutional Review Board and written
informed consent was obtained from all subjects. In case of subjects under 18 years old, the
written consent was obtained by their caretakers, as approved by University of Buffalo Institu-
tional Review Board.
MRV acquisition
All subjects were examined on a GE 3.0T Signa Excite HD 12.0 Twin Speed 8-channel scanner
(General Electric, GE, Milwaukee, WI) with a maximum slew rate of 150T/m/s and maximum
gradient amplitude in each orthogonal plane. A 2-dimensional MRV sequence was acquired
for all IJV CSA measurements. The MRV obtained 150, 1.5 mm-thick slices using a 320x192
matrix (frequency x phase) with a 22.0 cm field of view (FOV) and a phase field of view
(pFOV) of 75% for a resolution of 0.69 x 1.15 x 1.5 mm3. Additional imaging parameters
included Echo Time (TE) / Repetition Time (TR) / Flip Angle (FA) of 4.3 ms / 14 ms / 70°, and
a Bandwidth (BW) of 31.25 kHz, for a total acquisition time of 5:19. MRV was acquired in a
“true” (non-obliqued) axial orientation with one average, and no parallel imaging techniques
were employed.
MRV analyses
Cross-sectional area analysis. IJV assessment was performed using CSA region of interest
(ROI) analysis on the 2DMRV with the Java Image Manipulation Tool (JIM) version 5.0
(http://www.xinapse.com), at specific cervical locations. The sequence was viewed orthogonally
to assess which slices corresponded to the desired anatomical coverage, namely C2/C3, C4, C5/
C6, and C7/T1. Within each of these locations, the operator determined the slice on which the
IJV had a minimum CSA, and then used the ROI Toolkit to select the right and left IJVs. An
example case, with location selection on an orthogonal (coronal) view of the MRA, and corre-
sponding IJV CSA ROIs is shown in S1 Fig. To best select the edges, we used the Contour ROI
tool, part of the automated Preview Contours toolbox. When necessary, the operator manually
adjusted the ROI boundary.
Reproducibility. Reproducibility was assessed using two raters performing IJV CSA anal-
ysis on a set of 25 MRVs twice, with analyses a minimum of 2 weeks apart. Raters were blinded
to each other’s ROI assessments, as well as to their own prior set of ROIs. Intra- and inter-rater
reproducibility was assessed using the Intra-class Correlation (ICC), with corresponding p-
and q-values.
Statistical analysis. Statistical analyses were performed using the Statistical Package for
Social Sciences (IBM Inc, version 21.0). The demographic and clinical differences were tested
using Student’s t-test and chi-square tests. Paired samples t-tests were used to compare IJV
sides, with analysis of covariance used to evaluate differences between the various age groups
(the subjects were grouped by decade). Pearson correlation analysis explored association of age
and IJV CSA, while the effect of individual and multiple cardiovascular risk factors (hyperten-
sion, heart disease, smoking and body mass index) on age and IJV CSA was explored in the
partial correlation analysis. Due to multiple comparisons, a nominal p-value<0.01 was consid-
ered statistically significant using a two-tailed test.
Results
Demographic characteristics
The demographic and cardiovascular risk factors characteristics are presented in Table 1. The
average age of the male subjects was 43 years and there were no significant difference between
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males and females (p = 0.21). There was no significant difference in distribution of HIs across
age groups:<20 (n = 20), 20–29 (n = 38), 30–39 (n = 24), 40–49 (n = 30), 50–59 (n = 40), 60–
69 (n = 29) and>70 (n = 12). Comparison of the cardiovascular risk factors showed no signifi-
cant differences between the male and female subjects with respect to smoking, hypertension,
heart disease and body mass index (Table 1).
Intra- and inter-rater IJV CSA reproducibility: A high degree of inter- and intra-rater repro-
ducibility was observed (S1 Table), with strong ICC values (p<0.001) found at all cervical levels
between the raters. At all cervical levels, intra-rater reproducibility was found to be more robust
than inter-rater reproducibility.
IJV CSA hand side differences
The results for the mean left and right IJV CSAs at each cervical level are presented in Table 2.
At all cervical levels the IJV CSA was significantly larger on the right compared to the left hand
side (p<0.001) both for males and females. When the subjects were grouped by age, it was
found for all age groups that the right IJV CSA was significantly larger than the left at all cervi-
cal levels (data not shown).
IJV CSA location differences
The results in Table 2 and Fig 1 show that IJV CSA was larger at the lower cervical levels
(toward the heart), than at upper cervical levels (toward the head). This observation was true
for both the left and right IJV CSAs for both gender, and was particularly pronounced in the
older age groups (>40 years old), with the IJV CSA at C7/T1 being considerably larger than at
the C2/C4 cervical level (Fig 2). With the exception of HIs<20 years of age, the larger IJV CSA
at the lower cervical levels was significant for all age groups (Fig 2).
IJV CSA gender differences
The IJV CSA in the females was generally smaller than those in the males (Table 2 and Figs 1
and 2), with statistical trends observed for the right IJV at cervical levels C4 and C7/T1. The
Table 1. Demographic and cardiovascular risk factors characteristics of healthy individuals.
All HIs (n = 193) Males (n = 63) Females (n = 130) p value
Overall age in years, mean (SD) 43 (17.5) 40.7 (17.1) 43.9 (17.7) 0.21
<20 years 16.1 (20) 17.4 (8) 15.3 (12) 0.17
20–29 years 24.4 (38) 24.5 (13) 24.4 (25) 0.91
30–39 years 33.8 (24) 34.2 (11) 33.5 (13) 0.61
40–49 years 45.2 (30) 44.4 (7) 45.4 (23) 0.44
50–59 years 53.3 (40) 53.6 (14) 53.2 (26) 0.70
60–69 years 63.7 (29) 64.4 (7) 63.5 (22) 0.46
>70 years 72.9 (12) 72.3 (3) 73.1 (9) 0.54
Heart disease, n (%) 20 (12.3%) 5 (10.6%) 15 (12.4%) 0.77
Hypertension, n (%) 19 (11.2%) 6 (12.2%) 13 (10.8%) 0.79
Smoking, n (%) 58 (32.2%) 16 (29.6%) 42 (33.3%) 0.63
BMI (kg/m2), mean (SD) 26.8 (5.7) 27.6 (4.1) 26.5 (6.2) 0.37
HIs–healthy individuals; SD–standard deviation; BMI–body mass index. P values were calculated using Student’s t-test for age and BMI and chi-square
tests for heart disease, hypertension and smoking.
doi:10.1371/journal.pone.0149532.t001
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difference in IJV CSA between the male and female HIs was more pronounced on the right
hand side compared with the left.
IJV CSA age differences
Fig 1 shows a general trend towards larger IJV CSA with increased age, something that was
most visible at cervical level C7/T1 (left IJV, p = 0.008; right IJV, p = 0.003). This was more
pronounced in male subjects for the right IJV CSA (C2/C3, p = 0.01; C4, p = 0.034; C7/T1,
p = 0.054). Noticeably, the right IJV CSA was larger in HIs>40 years old, particularly in males
compared to females (Fig 2).
The results shown in Fig 1 were corroborated by the correlation results shown in Table 3,
which found a positive association between increased age and larger IJV CSA. The results were
similar using the Pearson correlation or partial correlation analyses, adjusted for individual or
multiple cardiovascular risk factors.
Table 3 shows somewhat different correlation results between age and IJV CSA, according
to gender. Older males exhibited stronger association with larger IJV CSAs than the females,
with this effect being particularly evident for the upper cervical levels. Interestingly, after con-
trolling for individual or multiple cardiovascular risk factors, the association between age and
IJV CSA became more robust at all cervical levels for males, while tended to become weaker for
females.
Discussion
The main finding of the study, after adjusting for presence of cardiovascular risk factors, is that
IJV CSA enlarges with aging, a phenomenon which is more pronounced in the right IJV than
the left IJV, and in males than females.
IJVs are thin-walled floppy vessels that readily respond to changes in blood pressure. Any
increase in IJV CSA will therefore be indicative of raised venous blood pressure and vessel dis-
tension, something that is consistent with impaired venous outflow, [21] possibly associated
with increased intrathoracic pressure. [22, 23] Increased body mass index is positively associ-
ated with larger IJV CSA in the lower neck of both MS patients and HIs. [24] Because increased
body mass index is linked with raised intra-abdominal pressure, [25] we hypothesize that it
may inhibit cerebral venous drainage, [26] resulting in the IJV CSA enlargement. Given that
Table 2. Internal jugular vein cross-sectional area at different cervical levels shown according to gender and hand side.
All HIs (n = 193) Males (n = 63) Females (n = 130) p values
Total Left Right Total Left Right Total Left Right TotalM
v. F
LeftM
v. F
RightM
v. F
TotalL
v. R
ML v.
R
FL v.
R
C7/
T1
118.0
(79.3)
49.3
(37.5)
68.7
(53.7)
134.2
(81.2)
52.2
(40.2)
82.0
(54.2)
110.1
(77.4)
47.8
(36.2)
62.3
(52.4)
.047 .453 .016 < .001 < .001 .001
C5
/C6
97.4
(60.2)
42.1
(30.6)
55.4
(38.0)
106.3
(65.3)
43.7
(33.1)
62.6
(41.8)
93.1
(57.4)
41.3
(29.5)
51.9
(35.6)
.155 .603 .066 < .001 < .001 < .001
C4 91.3
(41.0)
38.8
(23.5)
52.5
(28.2)
101.5
(44.8)
42.0
(26.0)
59.5
(31.7)
86.3
(38.3)
37.2
(22.0)
49.0
(25.7)
.016 .188 .016 < .001 < .001 < .001
C2/
C3
66.7
(31.4)
27.5
(18.0)
39.2
(24.1)
69.6
(33.3)
28.0
(19.0)
41.6
(25.4)
65.2
(30.5)
27.2
(17.6)
38.0
(23.5)
.364 .789 .298 < .001 .001 < .001
HIs–healthy individuals; M–males; F–females; SD–standard deviation. Values given are as mean (SD) in millimeter square (mm2). Paired t-test was used
for left vs. right IJV CSA comparisons and unpaired t-test was used to test gender differences. P values < 0.01 are displayed ain bold and p values <0.05
in italics.
doi:10.1371/journal.pone.0149532.t002
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Fig 1. Internal jugular vein (IJV) cross-sectional area (CSA) vein according to hand side, cervical location and gender displayed by age groups.
CSA is shown in mm2. Error bars represent standard error of the mean. P values were calculated with analysis of variance. Legend: LIJV–left internal jugular
vein; RIJV–right internal jugular vein.
doi:10.1371/journal.pone.0149532.g001
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Fig 2. Internal jugular vein (IJV) cross-sectional area (CSA) vein according to age group hand side and gender displayed by cervical location.CSA
is shown in mm2. Error bars represent standard error of the mean. P values were calculated with analysis of variance. Legend: LIJV–left internal jugular vein;
RIJV–right internal jugular vein.
doi:10.1371/journal.pone.0149532.g002
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body mass index tends to increases with age, it is perhaps not surprising that we observed a
trend towards increased IJV CSA in the older age groups, something that was particularly
marked in the right IJV of those who were>40 years of age. However, the association between
increased IJV CSA and age, became even more robust after controlling for body mass index in
males, while remained similar in females.
The marked gender difference, which was an unexpected finding, is difficult to explain. In
the present study, both the males and females exhibited similar cardiovascular risk factors, sug-
gesting that the aging and IJV CSA relationship may be related to other factors that can medi-
ate these effects differently in male and females. For example, the discovery of endothelial
progenitor cells has generated considerable interest in the field of vascular biology. These cells
which arise from a population of circulating mononuclear cells have the capacity to form new
blood vessels and contribute to vascular repair. [27] The circulating endothelial progenitor cell
levels are reduced in patients with higher prevalence of cardiovascular risk factors. However, it
has been shown that higher levels of estrogens in females during reproductive age is related to
higher endothelial progenitor cell levels and consequently lower endothelial dysfunction. [28]
Therefore, during the reproductive age, unique angiogenic properties of the female reproduc-
tive system, including female sex hormones, angiogenic growth factors, and stem cell regula-
tory molecules may contribute to explain observed differences in the current study. [29]
Significant association between age and IJV CSA were only observed at C7/T1 cervical level in
Table 3. Pearson and partial correlation analysis between age and internal jugular vein cross-sectional area according to cervical location.
C7/T1 C5/C6 C4 C2/C3
LIJV RIJV Tot LIJV RIJV Tot LIJV RIJV Tot LIJV RIJV Tot
No covariates All .28*** .28*** .33*** .17* .24*** .28*** .09 .15* .22* .06 .14 .22*
Males .44*** .42** .50*** .31* .37** .39** .24 .32** .37** .26* .46*** .50***
Females .21* .24** .26** .11 .19* .17 .03 .09 .08 -.04 -.02 -.03
All CVR factor as covariates All .24** .26** .29*** .19* .29*** .28** .14 .19* .22** .09 .16* .17*
Males .49** .45** .54*** .42** .56*** .57*** .44** .48** .59*** .47** .62*** .72***
Females .15 .21* .21* .09 .18 .16 .01 .08 .06 -.05 -.02 -.05
Heart disease as covariate All .27** .38*** .38 *** .15 .40*** .33*** .09 .36*** .30** .07 .26** .24*
Males .49*** .52*** .59*** .40*** .55*** .54*** .31* .51** .54*** .30* .65*** .67***
Females .17 .24* .24* .10 .22* .18 .04 .13 .11 -.04 -.01 -.03
Hypertension as covariate All .27** .38*** .39*** .16 .40*** .34*** .09 .37*** .31** .07 .27** .25
Males .50*** .53*** .59*** .37* .55*** .54*** .28 .51*** .53*** .29 .64*** .66***
Females .16 .24* .24* .010 .22* .19* .04 .13 .10 -.04 -.01 -.03
Smoking as covariate All .26** .39*** .39*** .15 .40*** .33*** .08 .37*** .30** .05 .28** .24**
Males .47*** .45*** .50*** .35** .41** .44** .28* .36** .44** .28* .51*** .54***
Females .18* .24** .25** .09 .19* .16 .03 .12 .10 -.07 -.01 -.05
BMI as covariate All .22* .35*** .33** .01 .38*** .30** .03 .34** .25* .02 .26** .21*
Males .47*** .45** .52*** .35** .43** .45** .27 .36** .41** .28* .52*** .55***
Females .19* .25** .26** .01 .20* .18 .03 .12 .01 -.07 -.02 -.06
LIJV–left internal jugular vein; RIJV–right internal jugular vein; Tot–total; CVR–cardiovascular risk; BMI–body mass index.
The analyses were performed using Pearson correlation (no covariates) and partial correlation (using covariates) analyses. Covariates included individual
and multiple cardiovascular risk factors (hypertension, heart disease, smoking and body mass index).
*** p <0.001
** p <0.01
* p <0.05. P values < 0.01 were considered signiﬁcant (bold), and less than 0.05 were considered trends (italics).
doi:10.1371/journal.pone.0149532.t003
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the females, whereas in the males, significant relationships were observed at all cervical levels.
This suggests that age effects are more robust in males than females, particularly at upper cervi-
cal levels. Interestingly, when adjusting for cardiovascular risk factors (hypertension, heart dis-
ease, smoking and body mass index), we observed a differential effect in the males compared to
females, with the associations becoming more robust in males, while remaining similar in
females. Most importantly, adjusting for these covariates did not mask the effect of age in either
the males or females.
It has been shown in HIs that blood flow in the IJVs is strongly influenced by the thoracic
pump, with cerebral venous drainage greatly increased during deep inspiration. [30] The
cumulative blood flow increases in the IJVs as they descend towards the thorax, with the conse-
quence of IJV CSA tending to be greatest at the lower cervical levels, just as we observed in our
study. As previously shown using Doppler ultrasound, [31] we also found the CSA of the right
IJV was substantially larger than that of the left IJV for both gender, confirming the dominance
of the right IJV in the HIs of all ages. However, it is noticeable that age effects were more robust
in the right than the left IJV, and particularly in the males. While the reasons for this are
unclear, it may be that being intrinsically larger vessels, the right IJVs have more capacity to
distend compared with their counterparts on the left.
The research on the association between cerebral venous outflow and neurological disease
have traditionally been focused on the concept of venous stenosis. [2, 17, 32] Historically,
venous stenosis has been assessed by maintaining the threshold criteria used when assessing
arterial stenosis, namely50% narrowing of the vessels. [15, 32–36] A threshold of a CSA
<0.3 cm2 on Doppler ultrasound has been recently proposed, [32] while other researchers have
advocated for a threshold of 25 mm2 at C7/T1 or C5-C6, and 12.5 mm2 at C2/C3 cervical levels.
[17–19, 37] Researchers have tended to apply these diagnostic thresholds in a uniform manner,
making no allowances for the age and gender of subjects, or indeed differences between the size
of left and right IJV CSA. [15, 17, 18, 32–36] The findings from this study suggest that this uni-
form approach may be flawed. For example, if the existing criteria were applied to the subjects
in the current study, then a disproportionately high number of younger subjects would be con-
sidered stenotic. While it is beyond the scope of this paper to propose new diagnostic threshold
criteria for IJV stenosis, our findings suggest that there is an urgent need to develop stenotic
threshold criteria which will take into account subject age and gender, as well as distinguishing
between the left and right IJV CSA at different cervical locations.
While our findings appear robust, as demonstrated by the high degree of intra- and inter-
rater reproducibility, it is important to note that we only investigated the IJV CSA and
neglected any collateral veins. It has been suggested that collateral veins play a compensatory
role in the extracranial venous drainage system, [12] and further work will therefore be
required to investigate this subject. The HIs enrolled in this study were part of the baseline data
from an ongoing prospective study of cardiovascular, environmental and genetic risk factors in
MS. [2, 20] Because the prevalence of MS is higher in females, our HI cohort was skewed
toward more females than males, which is an important limitation of this study. Therefore it is
necessary to confirm our findings in larger sample of male subjects. Another limitation of this
study is that included relatively small number of subjects>70 years old, and older spectrum of
HIs. Conversely, the inclusion of additional younger subjects would offer more information on
IJV CSA in developing bodies. Therefore, future studies should include larger number of
healthy subjects in age groups<20 and>70 years old to confirm our preliminary findings.
Nevertheless, the current study is one of the largest IJV CSA studies in HIs reported in the liter-
ature. For example, a recent study measured IJV CSA at three neck levels comparing 2D
TOF-MRV and dynamic 3D contrast-enhanced MRV in 40 HIs, [19] while another one
assessed stenosis and flow of IJVs at the C2/C3 and C5/C6 levels in 67 HIs. [37]
IJV CSA Enlargement Is Associated with Aging in Healthy Individuals
PLOS ONE | DOI:10.1371/journal.pone.0149532 February 19, 2016 9 / 12
In conclusion, we have shown that age, gender, hand side, and cervical location all affect IJV
CSA. This suggests that when assessing patients for abnormalities of the cerebral venous drain-
age system, it is important to take in to account these factors, if erroneous diagnostic decisions
are to be avoided.
Supporting Information
S1 Fig. Coronal view of orthogonal maximum intensity projection of the 2D axial magnetic
resonance venography, allowing for visualization of the internal jugular veins (IJVs) from
cervical levels C2 to T1. Region of interest slices were selected with the minimum cross-sec-
tional area of the IJVs at different cervical locations (C2/C3, C4, C5/C6, and C7/T1).
(TIF)
S1 File. IJV-CSA-Aging File. The minimal data set are within the paper and its supporting
information files.
(TXT)
S1 Table. Intra- and inter-rater reproducibility of internal jugular vein cross-sectional area
in 25 healthy individuals at different cervical levels.
(DOC)
Acknowledgments
The authors would like to thank the Buffalo General Hospital MRI technologists who acquired
the images, and the study volunteers, without whom this work would have been impossible.
Author Contributions
Conceived and designed the experiments: RZ CM CB. Performed the experiments: PB JK CM.
Analyzed the data: JH. Contributed reagents/materials/analysis tools: PB JK CM. Wrote the
paper: CM RZ.
References
1. Zamboni P, Menegatti E, Galeotti R, Malagoni AM, Tacconi G, Dall'Ara S, et al. The value of cerebral
Doppler venous haemodynamics in the assessment of multiple sclerosis. Journal of the neurological
sciences. 2009; 282(1–2):21–7. Epub 2009/01/16. doi: 10.1016/j.jns.2008.11.027 PMID: 19144359.
2. Zivadinov R, Marr K, Cutter G, Ramanathan M, Benedict RH, Kennedy C, et al. Prevalence, sensitivity,
and specificity of chronic cerebrospinal venous insufficiency in MS. Neurology. 2011; 77(2):138–44.
Epub 2011/04/15. doi: 10.1212/WNL.0b013e318212a901 PMID: 21490322.
3. Liu M, Xu H, Wang Y, Zhong Y, Xia S, Utriainen D, et al. Patterns of chronic venous insufficiency in the
dural sinuses and extracranial draining veins and their relationship with white matter hyperintensities
for patients with Parkinson's disease. J Vasc Surg. 2015; 61(6):1511–20 e1. doi: 10.1016/j.jvs.2014.02.
021 PMID: 24655749; PubMed Central PMCID: PMC4169367.
4. Filipo R, Ciciarello F, Attanasio G, Mancini P, Covelli E, Agati L, et al. Chronic cerebrospinal venous
insufficiency in patients with Meniere's disease. Eur Arch Otorhinolaryngol. 2015; 272(1):77–82. PMID:
24318422. doi: 10.1007/s00405-013-2841-1
5. Di Berardino F, Alpini DC, Bavera PM, Cecconi P, Farabola M, Mattei V, et al. Chronic cerebrospinal
venous insufficiency in Meniere disease. Phlebology. 2014; 30(4):274–9. PMID: 24594584. doi: 10.
1177/0268355514526871
6. Chung CP, Beggs C, Wang PN, Bergsland N, Shepherd S, Cheng CY, et al. Jugular venous reflux and
white matter abnormalities in Alzheimer's disease: a pilot study. J Alzheimers Dis. 2014; 39(3):601–9.
PMID: 24217278. doi: 10.3233/JAD-131112
7. Beggs C, Chung CP, Bergsland N, Wang PN, Shepherd S, Cheng CY, et al. Jugular venous reflux and
brain parenchyma volumes in elderly patients with mild cognitive impairment and Alzheimer's disease.
BMC Neurol. 2013; 13:157. PMID: 24176095. doi: 10.1186/1471-2377-13-157
IJV CSA Enlargement Is Associated with Aging in Healthy Individuals
PLOS ONE | DOI:10.1371/journal.pone.0149532 February 19, 2016 10 / 12
8. Chung CP, Wang PN, Wu YH, Tsao YC, ShengWY, Lin KN, et al. More severe white matter changes in
the elderly with jugular venous reflux. Ann Neurol. 2011; 69(3):553–9. Epub 2011/03/11. doi: 10.1002/
ana.22276 PMID: 21391231.
9. Schaller B. Physiology of cerebral venous blood flow: from experimental data in animals to normal func-
tion in humans. Brain Res Brain Res Rev. 2004; 46(3):243–60. Epub 2004/12/02. S0165-0173(04)
00053-0 [pii] doi: 10.1016/j.brainresrev.2004.04.005 PMID: 15571768.
10. Ciuti G, Righi D, Forzoni L, Fabbri A, Pignone AM. Differences between internal jugular vein and verte-
bral vein flow examined in real time with the use of multigate ultrasound color Doppler. AJNR Am J Neu-
roradiol. 2013; 34(10):2000–4. Epub 2013/06/01. doi: 10.3174/ajnr.A3557 PMID: 23721896.
11. Beggs C, Shepherd S, Zamboni P. Cerebral venous outflow resistance and interpretation of cervical
plethysmography data with respect to the diagnosis of chronic cerebrospinal venous insufficiency.
Phlebology. 2014; 29(3):191–99. PMID: 23060482. doi: 10.1258/phleb.2012.012039
12. Zivadinov R, Chung CP. Potential involvement of the extracranial venous system in central nervous
system disorders and aging. BMCMed. 2013; 11:260. Epub 2013/12/19. doi: 10.1186/1741-7015-11-
260 [pii]. PMID: 24344742; PubMed Central PMCID: PMC3866257.
13. Karmon Y, Zivadinov R, Weinstock-Guttman B, Marr K, Valnarov V, Dolic K, et al. Comparison of intra-
vascular ultrasound with conventional venography for detection of extracranial venous abnormalities
indicative of chronic cerebrospinal venous insufficiency. J Vasc Interv Radiol. 2013; 24(10):1487–98
e1. doi: 10.1016/j.jvir.2013.06.012 PMID: 23953830.
14. Scalise F, Farina M, Manfredi M, Auguadro C, Novelli E. Assessment of jugular endovascular malfor-
mations in chronic cerebrospinal venous insufficiency: colour-Doppler scanning and catheter venogra-
phy compared with intravascular ultrasound. Phlebology. 2013; 28(8):409–17. Epub 2012/11/17. doi:
10.1258/phleb.2012.012079 PMID: 23155132.
15. Traboulsee AL, Knox KB, Machan L, Zhao Y, Yee I, Rauscher A, et al. Prevalence of extracranial
venous narrowing on catheter venography in people with multiple sclerosis, their siblings, and unrelated
healthy controls: a blinded, case-control study. Lancet. 2014; 383(9912):138–45. Epub 2013/10/15.
doi: 10.1016/S0140-6736(13)61747-X [pii]. PMID: 24119384.
16. Patel S, Brennan J. Diagnosis of internal jugular vein thrombosis by computed tomography. Journal of
computer assisted tomography. 1981; 5(2):197–200. Epub 1981/04/01. PMID: 7217445.
17. Haacke EM, FengW, Utriainen D, Trifan G, Wu Z, Latif Z, et al. Patients with multiple sclerosis with
structural venous abnormalities on MR imaging exhibit an abnormal flow distribution of the internal jugu-
lar veins. J Vasc Interv Radiol. 2012; 23(1):60–8 e1-3. Epub 2012/01/10. doi: 10.1016/j.jvir.2011.09.
027 S1051-0443(11)01343-1 [pii]. PMID: 22221473.
18. FengW, Utriainen D, Trifan G, Elias S, Sethi S, Hewett J, et al. Characteristics of flow through the inter-
nal jugular veins at cervical C2/C3 and C5/C6 levels for multiple sclerosis patients using MR phase con-
trast imaging. Neurol Res. 2012; 34(8):802–9. Epub 2012/09/14. doi: 10.1179/1743132812Y.
0000000079 PMID: 22971469.
19. Rahman MT, Sethi SK, Utriainen DT, Hewett JJ, Haacke EM. A comparative study of magnetic reso-
nance venography techniques for the evaluation of the internal jugular veins in multiple sclerosis
patients. Magn Reson Imaging. 2013. Epub 2013/07/16. S0730-725X(13)00211-7 [pii] doi: 10.1016/j.
mri.2013.05.012 PMID: 23850076.
20. Kappus N, Weinstock-Guttman B, Hagemeier J, Kennedy C, Melia R, Carl E, et al. Cardiovascular risk
factors are associated with increased lesion burden and brain atrophy in multiple sclerosis. J Neurol
Neurosurg Psychiatry. 2015. doi: 10.1136/jnnp-2014-310051 PMID: 25722366.
21. Beggs CB. Venous hemodynamics in neurological disorders: an analytical review with hydrodynamic
analysis. BMCMed. 2013; 11:142. PMID: 23724917. doi: 10.1186/1741-7015-11-142
22. Bloomfield GL, Ridings PC, Blocher CR, Marmarou A, Sugerman HJ. A proposed relationship between
increased intra-abdominal, intrathoracic, and intracranial pressure. Crit Care Med. 1997; 25(3):496–
503. PMID: 9118668.
23. Fisher J, Vaghaiwalla F, Tsitlik J, Levin H, Brinker J, Weisfeldt M, et al. Determinants and clinical signifi-
cance of jugular venous valve competence. Circulation. 1982; 65(1):188–96. PMID: 7053282.
24. Magnano C, Belov P, Krawiecki J, Hagemeier R, Zivadinov R. Relationship between body mass index
and internal jugular vein narrowing in healthy individuals and multiple sclerosis patients. Veins and
Lymphatics. 2014; 3:4632.
25. Frezza EE, Shebani KO, Robertson J, Wachtel MS. Morbid obesity causes chronic increase of intraab-
dominal pressure. Dig Dis Sci. 2007; 52(4):1038–41. PMID: 17342401.
26. Frezza EE. New concepts of physiology in obese patients. Dig Dis Sci. 2004; 49(6):1062–4. PMID:
15309901.
IJV CSA Enlargement Is Associated with Aging in Healthy Individuals
PLOS ONE | DOI:10.1371/journal.pone.0149532 February 19, 2016 11 / 12
27. Robb AO, Mills NL, Newby DE, Denison FC. Endothelial progenitor cells in pregnancy. Reproduction.
2007; 133(1):1–9. doi: 10.1530/REP-06-0219 PMID: 17244727.
28. Hutter R, Badimon JJ, Fuster V, Narula J. Coronary artery disease in aging women: a menopause of
endothelial progenitor cells? Med Clin North Am. 2012; 96(1):93–102. doi: 10.1016/j.mcna.2012.01.
008 PMID: 22391254.
29. Sieveking DP, Chow RW, NgMK. Androgens, angiogenesis and cardiovascular regeneration. Curr
Opin Endocrinol Diabetes Obes. 2010; 17(3):277–83. doi: 10.1097/MED.0b013e3283394e20 PMID:
20389240.
30. Zamboni P, Menegatti E, Pomidori L, Morovic S, Taibi A, Malagoni AM, et al. Does thoracic pump influ-
ence the cerebral venous return? J Appl Physiol (1985). 2012; 112(5):904–10. PMID: 22174396.
31. Chung CP, Lin YJ, Chao AC, Lin SJ, Chen YY, Wang YJ, et al. Jugular venous hemodynamic changes
with aging. Ultrasound Med Biol. 2010; 36(11):1776–82. PMID: 20800950. doi: 10.1016/j.ultrasmedbio.
2010.07.006
32. Zamboni P, Galeotti R, Menegatti E, Malagoni AM, Tacconi G, Dall'Ara S, et al. Chronic cerebrospinal
venous insufficiency in patients with multiple sclerosis. J Neurol Neurosurg Psychiatry. 2009; 80
(4):392–9. Epub 2008/12/09. doi: 10.1136/jnnp.2008.157164 [pii]. PMID: 19060024; PubMed Central
PMCID: PMC2647682.
33. Zivadinov R, Karmon Y, Dolic K, Hagemeier J, Marr K, Valnarov V, et al. Multimodal noninvasive and
invasive imaging of extracranial venous abnormalities indicative of CCSVI: Results of the PREMiSe
pilot study. BMC Neurol. 2013; 13:151. Epub 2013/10/22. doi: 10.1186/1471-2377-13-151 [pii]. PMID:
24139135.
34. Blinkenberg M, Akeson P, Sillesen H, Lovgaard S, Sellebjerg F, Paulson OB, et al. Chronic cerebrospi-
nal venous insufficiency and venous stenoses in multiple sclerosis. Acta Neurol Scand. 2012; 126
(6):421–7. Epub 2012/04/26. doi: 10.1111/j.1600-0404.2012.01671.x PMID: 22530753.
35. McAuliffe W, Kermode AG. Mystery of Chronic Cerebrospinal Venous Insufficiency: Identical Veno-
graphic and Ultrasound Findings in Patients with MS and Controls. AJNR Am J Neuroradiol. 2013; 34
(7):1370–4. Epub 2013/02/02. doi: 10.3174/ajnr.A3390 [pii]. PMID: 23370468.
36. Doepp F, Paul F, Valdueza JM, Schmierer K, Schreiber SJ. No cerebrocervical venous congestion in
patients with multiple sclerosis. Annals of neurology. 2010; 68(2):173–83. Epub 2010/08/10. doi: 10.
1002/ana.22085 PMID: 20695010.
37. Sethi SK, Utriainen DT, Daugherty AM, FengW, Hewett JJ, Raz N, et al. Jugular Venous Flow Abnor-
malities in Multiple Sclerosis Patients Compared to Normal Controls. J Neuroimaging. 2015; 25
(4):600–7. doi: 10.1111/jon.12183 PMID: 25316522; PubMed Central PMCID: PMC4398578.
IJV CSA Enlargement Is Associated with Aging in Healthy Individuals
PLOS ONE | DOI:10.1371/journal.pone.0149532 February 19, 2016 12 / 12
